The Y-family polymerases help cells tolerate DNA damage by performing translesion synthesis, yet they also can be highly error prone. One distinctive feature of the DinB class of Y-family polymerases is that they make single-base deletion errors at high frequencies in repetitive sequences, especially those that contain two or more identical pyrimidines with a 5 flanking guanosine. Intriguingly, different deletion mechanisms have been proposed, even for two archaeal DinB polymerases that share 54% sequence identity and originate from two strains of Sulfolobus. To reconcile these apparent differences, we have characterized Dpo4 from Sulfolobus solfataricus using the same biochemical and crystallographic approaches that we have used previously to characterize Dbh from Sulfolobus acidocaldarius. In contrast to previous suggestions that Dpo4 uses a deoxynucleoside triphosphate (dNTP)-stabilized misalignment mechanism when creating single-base deletions, we find that Dpo4 predominantly uses a template slippage deletion mechanism when replicating repetitive DNA sequences, as was previously shown for Dbh. Dpo4 stabilizes the skipped template base in an extrahelical conformation between the polymerase and the little-finger domains of the enzyme. This contrasts with Dbh, in which the extrahelical base is stabilized against the surface of the little-finger domain alone. Thus, despite sharing a common deletion mechanism, these closely related polymerases use different contacts with the substrate to accomplish the same result.
The Y-family of DNA polymerases was defined in 2001 (21) , following the discovery that the gene responsible for the variant form of xeroderma pigmentosum encodes polymerase (Pol) eta, the seventh human polymerase identified (19, 30) . The major function of these polymerases is in the replication of damaged DNA by the process known as translesion synthesis (TLS). The TLS polymerases are thought to rescue stalled replicative polymerases, synthesizing short stretches of DNA before falling off and allowing replicative polymerases to continue. Y-family enzymes cluster into six groups. Of these, the DinB polymerases comprise the only group that is found in eukaryotes, bacteria, and the archaea.
Like most other types of polymerases, the Y-family DNA polymerases have a structural architecture that consists of finger, palm, and thumb domains arranged to resemble a right hand. The topology of the palm domain, which contains the essential catalytic residues, places these enzymes into the "classical" polymerase superfamily (34) . The relatively small sizes of the fingers and thumb domains, however, result in a spacious active site, which accounts for the high tolerance that the Y-family polymerases have for replicating damaged DNA bases and contributes to their low fidelity of DNA replication. All Y-family DNA polymerases possess a unique little-finger or polymerase-associated domain (LF/PAD) that is tethered to the polymerase thumb domain through a flexible polypeptide linker. The LF/PAD enhances DNA association by interacting with the upstream DNA duplex.
Although they provide cells with the ability to tolerate DNA damage, the TLS polymerases are more error-prone than replicative polymerases (13) and can substantially increase DNA mutation rates in cells. DinB polymerases make single-base deletions at high rates, especially in sequences where two or more identical pyrimidines are located with a guanosine base to the 5Ј side, i.e., in a 5Ј-GPyPy-3Ј sequence context (12, 23) . The requirement for the guanosine in this "deletion hot spot" sequence correlates with deoxycytidine (dC) being incorporated more efficiently than the other bases, which is likely to be related to the specificity of the DinB polymerases for replicating damaged guanosine bases (11, 24, 33) .
The following three different mechanisms ( Fig. 1 ) have been proposed to explain how DNA deletions arise: template slippage, deoxynucleoside triphosphate (dNTP)-stabilized misalignment, and misinsertion-misalignment. Template slippage was first proposed to account for the observation that most deletions occur in repetitive sequences (26) . The other two mechanisms, dNTP-stabilized misalignment (4, 7, 14) and misinsertion-misalignment (3, 15) , were originally proposed to account for deletions in nonrepetitive sequences. Template slippage is unique in requiring isomerization of correctly paired primer and template bases prior to nucleotide addition. In dNTP-stabilized misalignment, only the single-stranded template DNA isomerizes, while in misincorporation-misalignment, isomerization of a base mispair occurs after nucleotide addition.
DinB polymerases have been suggested to use all three of these different mechanisms, despite displaying similar deletion specificities. Dbh has been shown to use a template slippage mechanism (6, 31) , while Dpo4 has been proposed to use dNTP-stabilized misalignment (9, 12, 16) . Earlier experiments indicated that DinB from Escherichia coli used a dNTP-stabilized misalignment mechanism (28) , although more recent work shows that it uses a template slippage mechanism (10) . Human polymerase kappa can use a misinsertion-misalignment mechanism in nonrepetitive sequences, while template slippage has been inferred as the mechanism used in repetitive sequences (20, 32) .
To begin to understand the basis for the DinB polymerases using such a variety of different mechanisms, despite being homologous enzymes, we have characterized the behavior of Dpo4 on the repetitive sequence 5Ј-GCCCC-3Ј. This sequence is a deletion hot spot for Dbh, where one of the cytosines is skipped up to half the time this sequence is copied in vitro by Dbh (23) . We have extensively characterized the structure and activity of Dbh as it copies this sequence (31) . Using singlenucleotide incorporation assays and X-ray crystallography, we find that Dpo4, like Dbh, uses a template slippage mechanism when making a single-base deletion on this repetitive sequence and stabilizes the skipped template base in an extrahelical conformation.
MATERIALS AND METHODS
Protein expression and purification. The gene encoding Dpo4 was amplified by PCR from Sulfolobus solfataricus P2 genomic DNA (ATCC 35092), simultaneously adding a C-terminal His 6 tag, and then cloned into the expression vector pKKT7. Previous work has shown that this tag does not significantly alter the polymerization activity of Dpo4 (9), nor did it change its crystallization properties. The constructed plasmid pKKT7-Dpo4-CHis was then transformed into E. coli Rosetta(DE3)pLysS cells (Novagen). The transformed cells were grown in autoinduction medium (27) at 37°C, with shaking at 200 rpm, until the optical density at 600 nm (OD 600 ) reached 1.0. The temperature was then reduced to 20°C for overnight expression. Cell pellets were harvested by centrifugation and resuspended in buffer NA (20 mM HEPES at pH 7.5, 100 mM NaCl, and 50 mM imidazole), lysed by sonication, and then heated at 75°C for 20 min. Subsequent steps in the purification were performed at 4°C.
The lysate was centrifuged for 1 h at 20,000 ϫ g, and the supernatant was loaded onto a HiTrap chelating HP column (2 ϫ 5 ml; GE Healthcare). Dpo4 was eluted from the column using a linear gradient of 0 to 100% buffer NB (buffer NA with 1 M imidazole). Fractions that contained Dpo4 were pooled and diluted with 5 volumes of buffer SA (20 mM HEPES at pH 7.5, 50 mM NaCl, 0.5 mM EDTA, and 1 mM dithiothreitol [DTT] ) and then loaded onto a cation exchange HiTrap SP HP column (5 ml; GE Healthcare). Dpo4 was eluted using a linear gradient of 0 to 100% buffer SB (buffer SA with 1 M NaCl).
Fractions containing Dpo4 were pooled and concentrated to 30 mg/ml using a 10-kDa Amicon Ultra-15 centrifugal filter (Millipore), dialyzed into storage buffer (20 mM HEPES at pH 7.5, 100 mM NaCl, 0.5 mM EDTA, and 1 mM DTT), and kept at 4°C. Concentrations were determined by UV absorbance at 280 nm using a calculated extinction coefficient of 22,350 M Ϫ1 cm
Ϫ1
. Polymerase assays. Primer was synthesized with a 5Ј-6-carboxyfluorescein (FAM) label and was annealed to the template in a solution containing 10 mM HEPES (pH 7.5) and 50 mM NaCl by heating it for 2 min at 95°C, incubating it for 5 min at 55°C, and then slowly cooling it to 25°C. Polymerase reaction mixtures contained 40 nM annealed primer-template DNA, 4 M Dpo4, 20 mM HEPES (pH 7.0), 65 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and 1 mM dCTP or dGTP. Reaction mixtures were incubated at room temperature, and 10-l aliquots were quenched after 1, 2, 4, 8, 12, or 20 min by mixing them with an equal volume of 80% formamide containing 100 mM EDTA, with bromophenol blue and xylene cyanol dyes. Samples were incubated at 95°C for 5 min just prior to electrophoresis on a 17.5% polyacrylamide (19:1 dilution)-7.5 M urea-1ϫ Tris-borate-EDTA (TBE) gel that was preheated and run at 50°C. The amounts of FAM fluorescence in the unextended and extended primer bands were quantitated using a Typhoon 9400 scanner and ImageQuant software (GE Healthcare).
Crystallization and structure determination. Primer and template DNA oligonucleotides (Table 1) were annealed in a solution containing 10 mM Tris (pH 7.5) and 50 mM NaCl by being heated for 2 min at 95°C, incubated for 5 min at 55°C, and then slow cooled to 25°C. The Dpo4 T-3 complex was prepared at room temperature by combining 150 M Dpo4, 180 M DNA, and 1 mM dCTP in 20 mM HEPES (pH 7.0), 5 mM Ca(OAc) 2 , 85 mM NaCl, 0.25 mM EDTA, and 1 mM DTT (final concentrations). The Dpo4 TT-4 complex was prepared in similar way, but the concentrations of Dpo4 and DNA were increased to 200 M and 240 M, respectively. Crystals were grown at room temperature by hangingdrop vapor diffusion after mixing 2 l of the complex with 2 l of a well solution containing 18% polyethylene glycol 3350 (PEG 3350), 100 mM HEPES (pH 6.6), 100 mM Ca(OAc) 2 , and 2.5% glycerol for the T-3 complex or 12% PEG 3350, 100 mM MES (morpholinoethanesulfonic acid)-Tris (pH 6.0), 100 mM Ca(OAc) 2 , and 2.5% glycerol for the TT-4 complex. The crystals were stabilized and cryoprotected by the addition of a solution containing 20% PEG 3350, 100 mM Ca(OAc) 2 , 25% glycerol, 1 mM dCTP, and either 100 mM HEPES (pH 7.5) FIG. 1. Single-base deletion mechanisms. The DinB polymerases create single-base deletion mutations at high rates when replicating "deletion hot spots," repetitive sequences such as the one shown (boxed) that contain, in the template strand, two or more pyrimidines with a guanosine on the 5Ј side. Incorporation of dCTP (instead of the next correct nucleotide, dGTP) is the first step in creating a single-base deletion that can occur via one of the following three different mechanisms: dNTP-stabilized misalignment, template slippage, or misincorporation-misalignment. The base positions indicated are numbered relative to the nucleotide located in the nascent base pair binding pocket, defined as position 0 (shaded in gray). See the text for additional information.
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for the T-3 complex or 100 mM MES-Tris (pH 5.3) for the TT-4 complex. The crystals were then flash cooled in liquid nitrogen. X-ray diffraction data were collected at Brookhaven National Laboratory (BNL), National Synchrotron Light Source (NSLS) beamline X29, and were processed and scaled using HKL2000 (22) . The structures were solved by molecular replacement with the program Phaser (18), using the protein structure from a standard Dpo4 ternary complex (Protein Data Bank [PDB] accession no. 1JX4) (29) , and were refined using Refmac (5) and PHENIX (1), alternating with cycles of manual rebuilding using Coot (8) . Some figures were made using PyMOL (see Fig. 3 and 4) (25) .
Protein structure accession numbers. The coordinates and structure factors for both complexes have been deposited in the Protein Data Bank, Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ, under accession no. 3QZ7 (T-3 complex) and 3QZ8 (TT-4 complex).
RESULTS
Dpo4 uses a template slippage deletion mechanism. We first measured the rates of single-nucleotide incorporation by Dpo4 on a primer-template DNA containing the repetitive template sequence 5Ј-GCCCC-3Ј (primer-template T0) ( Table 1) . On this DNA, incorporation of deoxyguanosine (dG) yields a correct extension product, while incorporation of dC initiates a single-base deletion. Under the single-turnover conditions used, dGTP was added at an observed rate of 0.81 min Ϫ1 ( Fig. 2A and G) , and dCTP was added at a rate of 0.12 min Ϫ1 ( Fig. 2B and G) . Thus, Dpo4 can initiate a Table 1 . (G) Graph showing the percentage of primer extension as a function of time. Symbols correspond to those described for panels A to F. Error bars represent the standard deviations from three independent reactions. Black dots mark the migration positions of unextended (P) and extended (Pϩ1) primers when the reaction products were separated on denaturing polyacrylamide gels. The second minor product band could result from the slow addition of a second nucleotide by one of several mechanisms, as follows: mispairing (A to F), dNTP-stabilized misalignment (see template sequence in Table 1 ) (A), or primer-template slippage (forming a C-C or C-T mispair instead of having a bulged template base) followed by correct extension (B to F).
single-base deletion in this sequence context at a rate approximately 6-fold lower than that of correct extension.
We then used variations of this sequence, in which each of the four cytosines was individually changed to thymine, to shed light on the deletion mechanism used by Dpo4. Because repetitive sequences can adopt multiple conformations (Fig. 1) , these individual base substitutions (Table 1) were designed to favor the single, lower-energy conformation that has an unpaired T rather than the other conformations that would contain a G-T mispair (31) . On the T-1 substrate, dCTP incorporation by Dpo4 was very slow (ϳ0.01 min Ϫ1 ) (Fig. 2C and G) , with just 20% of the primer extended after 20 min. The nucleotide incorporation rate increased as the T was moved further away from the primer-template junction, with an intermediate rate of incorporation on the T-2 substrate (0.26 min Ϫ1 ) ( Fig.  2D and G) and rates comparable to correct extension on the T-3 and T-4 substrates (0.58 min Ϫ1 and 0.62 min Ϫ1 , respectively) (Fig. 2E to G) .
The relative nucleotide incorporation rates on these substrates (T-4 ϳ T-3 Ͼ T-2 Ͼ Ͼ T-1) are what would be expected if Dpo4 uses a template slippage deletion mechanism, in which the skipped template base is two or more bases away from the nascent base pair. For either of the other deletion mechanisms, nucleotide incorporation on the T-1 substrate would be expected to be the fastest, since the thymine substitution at position Ϫ1 could adopt either the unpaired or mispaired conformation that these mechanisms use. Instead, the nucleotide incorporation rate on the T-1 substrate (ϳ0.01 min Ϫ1 ) is at least 10-fold lower than that required to account for the rate of dC addition that was observed on the T0 substrate (0.12 min Ϫ1 ), ruling out both the dNTP-stabilized misalignment and misinsertion-misalignment mechanisms as the primary deletion mechanism. To the extent that a second deletion mechanism is used by Dpo4, it is most likely that a dNTP-stabilized misalignment mechanism is the minor alternative, since nucleotide misincorporation rates in a nonrepetitive sequence were lower when the next templating base was not complementary to the incoming nucleotide (i.e., when neither template slippage nor dNTP misalignment were allowed) (9) . Dpo4 prefers to bind to DNA with an extrahelical base at the ؊4 position but can also accommodate a bulged base at the ؊3 position. We have determined two crystal structures, T-3 and TT-4, of Dpo4 in ternary complexes with primer-template DNA and incoming nucleotides that show how extrahelical template bases are bound by the polymerase at the Ϫ3 and Ϫ4 positions (Fig. 3) . In the T-3 complex, the DNA substrate (X-T-3) (Table 1) contains a single T substitution in the Ϫ3 position, while in the TT-4 complex, the DNA substrate (X-TT-4) ( Table 1) contains T substitutions at both the Ϫ3 and Ϫ4 positions, with a single A in the primer strand that could potentially pair with either of the T's. Both structures contain dCTP as the incoming nucleotide and have been refined to high resolution limits of 2.0 Å ( Table 2 ). The enzymes in the two complexes superimpose with a root mean square deviation (RMSD) of 0.21 Å (over 340 C-alpha atoms).
In the T-3 complex, the T at position Ϫ3 is in an extrahelical 
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In the TT-4 complex, the T at position Ϫ4 is in an extrahelical conformation, also bulged out on the minor groove side of the duplex, between the N-terminal polymerase domain and the C-terminal LF/PAD (Fig. 3E) . In this case, the bulged base packs against Ser103 and Ile104, the two residues immediately preceding the catalytic aspartate (Asp105) in the conserved "motif C" beta turn in the palm, and O 4 of the bulged T hydrogen bonds with Gln82.
In both structures, the phosphate on the 3Ј side of the bulged base protrudes into the minor groove of the DNA duplex. In the T-3 complex, the extrahelical phosphate is not stabilized by direct protein contacts, but in the TT-4 complex, the phosphate has electrostatic interactions with Arg240 (Fig. 3E) . Contacts to the other phosphates in DNA are virtually identical to those formed by Dpo4 with standard primer-template duplexes lacking bulged bases (16, 29) .
The TT-4 complex suggests that the extrahelical base is more stable at position Ϫ4 than at position Ϫ3, since there is no evidence in the electron density maps of an alternate conformation in which the Ϫ3 position is extrahelical, even though the A in the primer strand could potentially pair with the T at either position Ϫ3 or position Ϫ4. The additional stability of the position Ϫ4 bulge could arise from the contacts with Gln82 and/or Arg240. Any differences in stability, however, do not alter the rate of nucleotide incorporation under single-turnover conditions where the primer-template DNA is incubated with saturating amounts of Dpo4 prior to nucleotide addition (Fig. 2G) .
DISCUSSION
Conserved template slippage mechanism arising from nonconserved polymerase-DNA contacts. We conclude from the data presented here that Dpo4 uses a template slippage mechanism when making single-base deletion mutations in repetitive DNA sequences. Previous work on Dbh (6, 31) and E. coli DinB (10) indicates that they also use a template slippage mechanism. The archaeal and bacterial DinB polymerases, therefore, share a conserved mechanism when copying the kinds of repetitive sequences in which deletions most frequently occur.
Remarkably, however, the template slippage mechanism does not arise from conserved contacts between the polymerase and the skipped template base in these two archaeal enzymes. The polymerases contact the skipped template bases using completely different regions of the protein: Dpo4 sandwiches the extrahelical template bases (at positions Ϫ3 and Ϫ4) between the polymerase domain and the LF/PAD, while Dbh stabilizes these extrahelical bases on the surface of the LF/PAD (31).
Dpo4 and Dbh bind the DNA in such different ways because their LF/PADs are in very different positions relative to their polymerase domains. In Dpo4, the LF/PAD is in contact with the fingers of the polymerase. In Dbh, the LF/PAD is rotated approximately 50°away from the polymerase domain, resulting in a much wider gap between the two domains (31) . Even though the residues of Dpo4 that directly contact the bulged base (Gln82 and Arg240) are conserved in Dbh (as Glu82 and Lys241), the Dbh residues are located approximately 10 Å away from the DNA, and so they cannot make the same contacts to the substrate.
Even though the archaeal polymerases do not use the same protein-DNA contacts to stabilize a skipped template base, other DinB orthologs may do so. For example, biochemical characterization of E. coli DinB suggests that this polymerase, like Dpo4, prefers when the extrahelical template base is at position Ϫ4, suggesting that DinB may stabilize the extrahelical base between the polymerase domain and the LF/PAD, as does Dpo4 (9a).
Structural implications for mutagenesis and translesion synthesis. The T-3 and TT-4 complexes described here, together with structures of Dpo4 with N 2 -benzo[a]pyrene-dG (N 2 -BP-dG) adducts (2) and abasic sites (17) , show how both damaged and undamaged bases interact with Dpo4 on the minor groove side of the duplex after having passed through the polymerase active site (Fig. 4) . In the four structures in which the extrahelical nucleotide is either an abasic site (Ab-1 and Ab-2) or an undamaged pyrimidine (T-3 and TT-4), the ribose group adopts the same conformation, with the phosphate on the 3Ј side displaced into the minor groove (Fig. 4A) . This arrangement suggests that the extrahelical nucleotide could translocate from position Ϫ1 to position Ϫ4 without either the DNA or the protein having to undergo any significant conformational changes.
Translocation may not be as straightforward for bulkier minor groove adducts. In the two structures of extrahelical N 2 -BP-dG adducts (N 2 -BP-1 and N 2 -BP-2) (Fig. 4B) , the lesion maintains essentially the same contacts with the protein, despite being located either one (N 2 -BP-1) or two (N 2 -BP-2) bases away from the template base that occupies the nascent base pair binding pocket. In the N 2 -BP-1 structure, the damaged base is swung out of the DNA duplex, but because the adjacent bases are not stacked together (i.e., there is a gap in the duplex where the Ϫ1 base would normally be located), the backbone phosphates are only minimally displaced from their positions in a standard DNA duplex. In contrast, the DNA backbone is strongly distorted in the N 2 -BP-2 structure, with the 5Ј phosphate of the extrahelical damaged base displaced into the minor groove of the duplex, so that the adjacent template can stack together in the DNA duplex. These structures suggest that difficulty in DNA translocation may increase the likelihood of a deletion occurring during TLS.
To avoid futile cycles of TLS and proofreading, a Y-family polymerase must extend DNA synthesis far enough past a DNA lesion so that the replicative polymerase can productively continue DNA synthesis rather than using its exonuclease activity to remove the nucleotides that were just added during TLS. For Dpo4, the critical stage of continuing DNA synthesis may be when the damaged DNA reaches position Ϫ5. At this position, the linker connecting the polymerase domain and the LF/PAD closes off the groove between the two domains that provides the space for minor groove adducts to transition stepwise from the Ϫ1 to Ϫ4 positions.
The ultimate outcome of TLS is influenced by the entire series of specific protein-DNA interactions that occur as a polymerase first encounters a lesion and as it continues DNA synthesis. As the wide range of Y-family polymerase structures show, variations in protein conformation and sequence impact TLS in ways that are not always straightforward to predict. 
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